Abstract. Results are shown from an experimental campaign where satellite scintillation was observed at three sites at high latitudes and, simultaneously, the F region plasma¯ow was measured by the nearby EISCAT incoherent scatter radar. The anisotropy parameters of ®eld-aligned irregularities are determined from amplitude scintillation using a method based on the variance of the relative logarithmic amplitude. The orientation of the anisotropy in a plane perpendicular to the geomagnetic ®eld is compared with the direction of F region plasma¯ow. The results indicate that in most cases a good agreement between the two directions is obtained.
Introduction
Investigation of the anisotropy of the F layer irregularities is of great interest in ionospheric physics. It is well known that the irregularities are elongated in the direction of the local geomagnetic ®eld but, especially at high latitudes, they are also found to be anisotropic in the plane perpendicular to the magnetic ®eld vector. Irregularities which are statistically symmetric around the geomagnetic ®eld are often called`rods' and those which are anisotropic also in the perpendicular plane are referred to as`sheets' or`wings' (e.g. Livingston et al., 1982) . The dierence between sheets and wings is that the former ones have similar ®eld-aligned and ®eld-perpendicular elongations (a and b, respectively), so that a b > 1, whereas wings are elongated more in the direction of the geomagnetic ®eld than in the perpendicular plane, i.e. a > b > 1.
The anisotropy is usually investigated by correlation analysis of radio signals from satellites, observed by spaced receivers on the ground, or by comparing model curves of the S4 amplitude scintillation index to experimental ones. In most studies the irregularities seem to be elongated in the magnetic east-west direction (Martin and Aarons, 1977; Fremouw et al., 1977; Rino et al., 1978; Rino and Livingston, 1982) , but sometimes the orientation is found to be rather in the north-south direction (Moorcroft and Arima, 1972) . Rod-like irregularities have also been reported (Pryse et al., 1991) . Livingston et al. (1982) observe all three types of irregularities and attach the various types to dierent parts of the convective plasma¯ow pattern.
The previous works do not actually determine the direction of the ®eld-perpendicular anisotropy but rather give some rough estimates on its orientation. Recently, Tereshchenko et al. (1999) presented a new way of determining the anisotropy parameters of highlatitude F layer irregularities. This method works on data from a single site and it also gives the direction of the perpendicular anisotropy. It makes use of amplitude scintillation and therefore observes small-scale irregularities with sizes of the order of the Fresnel radius (Yeh and Liu, 1982) . In the present case the Fresnel radius is about 600±700 m.
It is believed that electric ®elds in the high-latitude F region play an important role in the generation of smallscale irregularities. Therefore one might expect a close correlation between the electric ®eld direction and the orientation of the ®eld-perpendicular anisotropy. In this study a modi®ed version of the method by Tereshchenko et al. (1999) is presented and applied to data collected at three sites in Northern Scandinavia in November 1977. The experiments were made close to the EISCAT radar, which was used for determining the F region plasma¯ow. The two data sets are used for comparing the plasma¯ow direction and the orientation of the perpendicular anisotropy.
Scintillation method
In the previous works by Tereshchenko et al. (1998 Tereshchenko et al. ( , 1999 the statistical parameter used in ®tting the model to observations was the mean logarithmic relative amplitude. It was also shown that this parameter has a close relationship to the variance of the logarithmic relative amplitude. Since the variance actually works well to describe the level of amplitude scintillation, the method has been revised to use this parameter instead of the mean logarithmic relative amplitude. In the following the modi®ed version is brie¯y outlined and some parts of the theory not shown in previous studies are also presented.
The use of the scintillation method implies that the spectrum of the irregularities obeys the power law. This is not a limitation, since the validity of the assumption has been shown e.g. by Secan et al. (1997) , Aarons (1982) and Tereshchenko et al. (1998 Tereshchenko et al. ( , 1999 . It is also assumed that the irregularities make a statistically homogeneous layer spreading horizontally within a wide enough horizontal region. When a radio signal from the satellite is scattered by the layer of irregularities, a maximal scintillation is encountered at some speci®c direction of the ray from the radio source to the receiver. This is a result of a geometric eect de®ned by the ray direction, the geomagnetic ®eld direction and the anisotropy parameters of the irregularities. Using the known geomagnetic ®eld and the direction where the maximal scintillation is observed, one can determine the parameters of three-dimensional anisotropy from certain statistical parameters of the amplitude of the scattered signal.
In terms of the Rytov method and using the notations by Tereshchenko et al. (1999) , the variance of the logarithmic relative amplitude v ln A=A 0 is
Here k is the wave length, r e is the classical electron radius, the z axis is oriented along the ray direction, z l and z u are the lower and upper boundary of the layer of irregularities, R F is the Fresnel radius, j xy is the component of the wave vector in a plane perpendicular to the z axis and U is the spectral density of the¯uctuations. The y axis is taken to lie in the plane de®ned by the ray and the geomagnetic ®eld vector, and the x axis perpendicular to this plane. In the de®nition of the logarithmic relative amplitude, A is the observed signal amplitude and A 0 its (unknown) value without irregularities. The spectrum of the irregularities can be written as In this expression the double integral depends only on the shape of the spectrum and is independent of the variance of density¯uctuations. Next we assume that the normalized spectrum obeys the power law
Here C is the gamma function, p is the power index, L 0 is the scale size of the irregularities, and j k , j xc and j yc are the three components of the wave number vector j in directions parallel and perpendicular to the geomagnetic ®eld. The orientation of the x c and y c axes is chosen to make the ®eld-perpendicular anisotropy aligned with the x c direction. With this spectral shape Eq. (3) gives
In these formulas Hz is the angle between the geomagnetic ®eld and the ray, F is the hypergeometric function, and W is the angle between the x and x c axes.
The hypergeometric function reaches its maximum value at H 0, i.e. at the magnetic zenith. It decreases when moving away from this direction, and it aects the integral only within a narrow cone around the magnetic zenith. The slowly varying Fresnel radius can be easily calculated for each satellite trajectory and the angle Hz is obtained from the magnetic ®eld model. Therefore r In conclusion, the foregoing discussion shows that the variance of logarithmic relative amplitude contains information on the anisotropy of F region irregularities in three dimensions. However, the experimental determination of v itself is not possible since A 0 is not known. v is plotted as a function of the latitude of the satellite position (or the latitude of the point where the ray crosses a reference height within the layer), the resulting curve has a single maximum. The satellite path, the local magnetic ®eld and the values of the anisotropy parameters de®ne the shape and the position of the peak. Hence the anisotropy axial ratios a and b and the orientation of the ®eld-perpendicular anisotropy W can be determined from amplitude measurements at a single site by ®tting a theoretical model to observations. Instead of W, the orientation of the perpendicular anisotropy will be given below in terms of u, which is the directional angle of the horizontal projection of perpendicular anisotropy axis, measured eastwards starting from geographic north.
Experimental campaign
In October 1997, a satellite tomography campaign was arranged in northern Scandinavia with a chain of ®ve receivers at Oulu (65:06 N, 25:47 E) and 103:66 so that they lie quite precisely on the same geomagnetic meridian.
The satellites used in the experiment¯y at an altitude of about 1000 km approximately along a geomagnetic meridian during their southward passages, and the receivers carry out dierence Doppler measurements at two frequencies (150 and 400 MHz). The receiving system is basically the same as that described by Chernyakov et al. (1993) ; it was only developed to allow, in addition, the measurement of the 150 MHz signal amplitude for the purpose of scintillation research. The system of data collection was also completely revised.
The tristatic EISCAT UHF radar was operated in two dierent modes. One of them was plain CP-1-K, which is one of the standard modes designed for measuring both D, E and F regions. It applies short and long pulses as well as alternating codes. The Tromsù beam direction is ®eld-aligned, and the tristatic volume for measuring the F region drift lies at 250 km altitude. The second mode was otherwise similar to CP-1-K but the beam directions were controlled by an external FORTRAN programme simulating manual beam-positioning commands. Dierent beam swings were used from case to case and some variation of the altitude of the tristatic volume also took place. The purpose of this procedure was to make the radar beam move more or less in phase with the passing satellite.
The F region radar data are used here for measuring the plasma drift velocity. The quality of the radar data was not consistently good; quite often only data from two sites are available or the data are faulty so that incoherent scatter analysis completely fails. If only two velocity components are available, the plasma¯ow is assumed to be perpendicular to the geomagnetic ®eld. When data from all three sites are complete, the total velocity vector is determined.
Analysis of scintillation data
The sampling frequency in the satellite receiver systems was 50 Hz. The variance estimates were calculated from sequences of 500 successive data points in the amplitude time series (corresponding to 10-s intervals in time) and this data window was shifted in steps of 50 points (corresponding to 1 s in time). A linear ®t was made to the data points within each 500-point interval and, for each sampling time, the ®tted value hAi e was taken as the experimental estimate of the mean value hAi. Next the quantity lnA=hAi e was determined for each sampling time and its variance r 2 v e hlnA=hAi e À hlnA=hAi e i 2 i was calculated. This procedure gives a sliding estimate of r 2 v e in steps of 1 s, each value being obtained from a period of 10 s. The results were plotted as a function of the corrected geomagnetic latitude of the point where the ray joining the satellite and the receiver crosses the centre of the model scintillating layer.
In order to have a correct power index to be used in Eq. (5), the power law spectral shape was ®tted to the high-frequency part of the spectral density of the amplitude data. The ®tting was made in the vicinity of the peaks in the variance curves, separately to data from the three sites, and the mean value of the power index was then used in calculating the theoretical r 2 v . The anisotropy parameters were determined by ®tting the theoretical curve of r 2 v , calculated from Eq. (5), to the experimental one. The ®tting procedure is similar to that explained by Tereshchenko et al. (1999) . The applied model of density¯uctuations is a statistically homogeneous sheet (constant a, b, W and r 2 N ) with a thickness of 100 km, centred at the height of the tristatic volume of the incoherent scatter radar.
The position of the maximum in the r 2 v curve depends mainly on W and the width of the peak depends mainly on a and b. Estimates of the error limits were obtained for these parameters by investigating their variations which would keep the maximum point in latitude within 0:1 from the best value without noticeable changes of the peak shape.
This method works well in determining the anisotropy parameters, if the satellite does not pass too close to or too far from the local magnetic zenith. The critical parameter here is H min z, which should optimally lie within the range 3 ±15 . If H min z is too close to zero, r 2 v is insensitive to the orientation of perpendicular anisotropy. If H min z is large, i.e. the satellite¯ies too far from the receiver site, the spectrum and anisotropy of the irregularities hardly remain constant at large distances. Horizontal variations in these two factors may create multiple maxima in the variance curves which cannot easily be distinguished from the peak due to the straightforward geometrical eect. In order to satisfy the demand of a small value of H min z, only satellite passages with highest elevations exceeding 80 were used in the analysis.
Finally one should point out that, although the peak in the variance curve corresponds to a speci®c ray direction, the values of the anisotropy parameters do not come from a single point in the F layer but rather they are descriptive of a region of a wider horizontal extent. The use of a statistically homogeneous in®nite model layer means in practice that the method assumes the anisotropy parameters to remain constant within such a region. Its size, however, cannot be determined from data obtained at a single site. When the same parameters are found to apply to data from several sites, it will be possible to get information on the horizontal scale where the layer remains statistically homogeneous.
Results
Measurements of signal amplitude were made over almost 10 days, mostly in parallel with EISCAT observations. In spite of this, only nine sets of simultaneous scintillation and radar data sets could be selected for the analysis. This was caused by the fact that data gaps were quite common in the radar beam swing experiments and, furthermore, a low signal-to-noise ratio often reduced the reliability of the result. Also, in order to make the comparison meaningful, the scintillation and radar observations had to come from regions which are close enough to each other. With the present radar experiments, this implies satellite paths passing close to the local zenith, but this is also a demand posed by the method of scintillation analysis.
In some cases the spatial distances of the EISCAT and scintillation observations were not small or no radar measurement exactly simultaneous with the scintillation observation was available. Even then a comparison was sometimes possible using spatial or temporal trends of the electric ®eld behaviour. Of course, the uncertainty of the comparison increases with separation in space or time. In these cases special care was taken in investigating the spatial and temporal structures of the electric ®eld.
Three examples of dierent types will be shown. They all come from a period of quiet magnetic conditions and therefore the results are not necessarily representative of active periods like magnetic storms.
The satellite passage starting at about 2224 UT on 9 November, 1997, will be ®rst investigated. Amplitudes from the separate amplitude channel and phases calculated from the quadrature components are plotted in Fig. 1 . Enhanced amplitude scintillation is clearly visible in the centre parts of the left hand panels. Scintillation can also be seen in the phase, superimposed on smooth phase curves.
The variances of the logarithmic relative amplitude were calculated from the amplitude data in Fig. 1 . The results were plotted in Fig. 2 using heavy lines. At each site a clear peak is created at the latitudes of the maximum scintillation level. At KaÊ rvika and Tromsù the peaks are rather symmetric but at Nordkjosbotn a clearly asymmetric peak is encountered. In addition to the main peaks, smaller maxima are observed at other latitudes.
The spectra calculated from the amplitude data indicate that a power index p 11=3 can be used throughout in the¯uctuation spectrum. A 100-km thick layer with a constant variance of electron densitȳ uctuations, centred around 255 km altitude, was used as a scintillation model. The positions of the peaks in all three curves are properly reproduced by the same model with a 28, b 5 and u 76 . The best ®t to Tromsù data is plotted as a thin line in the middle panel of Fig. 2 . The thin lines in the top and bottom panels indicate the variances at KaÊ rvika and Nordkjosbotn calculated with the same model parameters. Figure 2 indicates that the anisotropy parameters given by the best ®t to Tromsù data do indeed produce peaks with proper widths at correct latitudes at all three sites. This means that the same anisotropy parameters apply within the horizontal range covered by the three observations. The fact that the peak heights do not match can be explained by assuming a horizontal variation of r 2 N . The same reason may also explain the asymmetric shape of the peak observed at Nordkjosbotn.
The directions of the orientation angles with their error limits are plotted as a function of the corrected geomagnetic latitude of the F region observation point in Fig. 3 . In addition, the direction of the F region plasma¯ow and its errors, calculated from the EISCAT observations in the period 2233:10±2235:00 UT, is plotted. This time interval closely covers the observation times of the scintillation peaks. The direction of local geomagnetic east at each observation point is also shown in Fig. 3 .
The maximum points in the variance curves all lie within a range of about 0:7 in latitude. Hence the anisotropy parameters of the irregularities seem to stay fairly constant at least within this latitudinal range. Also, the distance between the EISCAT measurement point and the maximum point at Tromsù is only about 15 km so that these two measurements come nearly from the same location. It is found that, within the error limits, the plasma¯ows in the direction of the perpendicular anisotropy determined from the Tromsù observation, i.e. the electric ®eld is approximately orthogonal to the axis of ®eld±perpendicular anisotropy. One should notice that the direction of observed perpendicular anisotropy departs from the local magnetic east by 15±20 . The direction of the horizontal component of the F region plasma velocity around the time of the observation in Fig. 3 is plotted in Fig. 4 . The ®eld ®rst rotates continuously towards north via east, but then turns back to the original direction again. The direction closest to Fig. 2 . The variance of the logarithmic relative amplitude calculated from the amplitude data in Fig. 1 (bold line) . The receiver sites are indicated by large dots. The scintillation model is a layer with constant variance of electron density¯uctuations and a thickness of 100 km, centred at a reference height of 255 km. The thin line in the middle panel shows the best ®t of the model to Tromsù data and in the top and bottom panel the variances calculated with the same model parameters at KaÊ rvika and Nordkjosbotn, respectively. The horizontal axis is the corrected geomagnetic latitude of the point where the ray crosses the reference height Fig. 1 . Amplitudes and phases at KaÊ rvika, Tromsù and Nordkjosbotn from a satellite passage starting at about 2224 UT on 9 November, 1997 (only pieces of the data are shown). The horizontal axis is the corrected geomagnetic latitude of the point where the ray crosses the reference height north corresponds to the situation in Fig. 3 . These measurements come mainly from a southward beam swing, but the two last points are from the same beam direction (there is one beam direction in between with faulty data which could not be analyzed). Therefore the observed variations are temporal, although the possibility of horizontal variations cannot be excluded. The systematic change with small error limits indicate a smooth continuous turning of the¯ow direction. From this time-dependent period we have a single scintillation observation shown in Fig. 3 which agrees well with the plasma¯ow direction just at the time of the scintillation observation.
Results of a similar analysis from a satellite passage starting at 0154 UT on 10 November, 1997 are shown in Fig. 5 . In this case scintillation was observed at all three sites during the whole period of the satellite passage. However, a clear peak was seen at KaÊ rvika and two distinct peaks at Nordkjosbotn, but no isolated maximum was seen at Tromsù. The same model could be applied in ®tting the KaÊ rvika data and one of the peaks at Nordkjosbotn. The height of the model centre was 259 km and the ®tted anisotropy parameters were a 25, b 3:5 and u 72
. The directional angle is plotted in Fig. 5 together with the plasma¯ow direction from the period 00202:150204:00 UT. In this case the error limits of the anisotropy direction are larger than in Fig. 3 . This is because the satellite passes the receivers quite close to the local magnetic zenith, the minimum zenith angles varying within a range of 0:2±2 . In such a case the perpendicular anisotropy has only a small eect on r 2 v , which reduces the accuracy of the direction measurement (see Tereshchenko et al., 1999) .
In this case the distances between the EISCAT measurement volume and the points, where the variance reaches its maximum at Nordkjosbotn and KaÊ rvika, are 30±100 km. One might suspect the ionospheric parameters could change within this distance. Nevertheless, Fig. 5 shows again that the directions of plasma¯ow and perpendicular anisotropy agree within the error limits. The fact that the irregularities are not observed at Tromsù could be explained in terms of horizontal variation of the parameters of the irregularities. Figure 6 shows the direction of the horizontal component of the F region plasma velocity during the satellite passage of the observation in Fig. 5 . The radar beam was ®xed during this interval so that all measurements come from the same point. It is seen that the¯ow direction was ®rst rather stable before about 0156 UT, but then somewhere between 0156 UT and 0200 UT a change took place, after which the original direction was A third example, from the satellite passage starting at 1231 UT on 11 November, 1997, is shown in Fig. 7 . The amplitude data give clear peaks in the variance curves at all three sites, but this example diers from the previous ones in the sense that the same anisotropy parameters do not apply to each data set. at Nordkjosbotn. This happens although the distances of the maximum points of the variance curves are only 14±42 km. Hence the properties of the irregularity layer must vary considerably within a short distance. In particular, there is a great variation in the orientation of the perpendicular anisotropy. The fact that the EISCAT heater was on during this observation may have aected the spatial variation of the anisotropy parameters, although this cannot be attested for certainty. During this observation the radar beam was swung in a geographic meridional plane at 19:21 E. The plasmā ow directions shown in Fig. 7 come from a simultaneous southward meridional scan (since the¯ow vector has a westward component here, it is more convenient to de®ne u to indicate the direction opposite to the plasmā ow). Out of these points, the radar observation at a geomagnetic latitude 66:44 (1238:55±1241:15 UT) is simultaneous with the scintillation measurement. In addition, the next point from the following northward swing is also portrayed (with dashed error bar aside).
We notice that the¯ow direction in the southernmost point at a geomagnetic latitude 65:72 strongly departs from the others. Also, the error limits in the neighbouring point at a geomagnetic latitude 65:96 are very great in the southward scan, probably indicating that this observation point met a moving boundary of two dierent¯ow regions during the measurement at 1242:50±1243:15 UT. Much smaller error limits are encountered at the same point in the next northward scan. In general, however, the characteristics of the latitude pro®le remain the same in three subsequent scans indicating some stationarity in the¯ow pattern.
Horizontal variation in the¯ow pattern is obviously considerable in this example. Hence, since no radar measurement is available from the observation latitude of the Nordkjosbotn receiver, the anisotropy and¯ow directions cannot be compared. The Tromsù and KaÊ rvika observations come from nearly the same geomagnetic latitudes (65:82 and 65:85 , respectively) but from somewhat dierent geomagnetic longitudes (104:34 and 104:13 , respectively). The KaÊ rvika observation comes from a position closer to the southernmost radar observation and therefore one might expect a closer agreement between the orientation of the anisotropy at KaÊ rvika and the¯ow direction at the southernmost beam position. Indeed, the¯ow direction in the southernmost point agrees quite well with the KaÊ rvika observation. This is not a de®nite proof, however, since the radar measurement comes from a more southern point and from 4 min later in time than the scintillation observation. Nothing very speci®c can be said about the Tromsù observation, but at least it is not in a clear disagreement with the plasma¯ow pattern.
Further evidence on the the dierent physical surroundings of the three scintillation measurements is given by Fig. 8 , which portrays the phases (i.e. the total electron contents) observed at the three sites. In each case the phase curve reveals a minimum and a local maximum to the north of it. These are obviously associated with pronounced large-scale density gradients in the F layer and the scintillation observations made at the three sites come from regions of dierent density gradients. Hence, both the F region plasma¯ow and electron density behave quite dierently at the three points of maximum variance and, consequently, it is understandable that the anisotropy parameters are also quite dierent. In these three examples it was found that, within the error limits and at least at one of the receiver sites, the perpendicular anisotropy is aligned in the direction of the plasma¯ow in the ionospheric F region. This also applies to the other cases investigated. In some of them, the radar observation was quite inaccurate and in others no simultaneous radar measurements were available. However, when the closest plasma¯ow observation was used in the latter ones, an agreement was again achieved. Hence no cases were found which would directly contradict the statement at the start of the paragraph.
Discussion
The physical results of the present work can be summarized as follows: in nearly all cases where the comparison of the anisotropy and the F region plasmā ow was possible, the perpendicular anisotropy was oriented in the¯ow direction. This strongly suggests that the instability creating the¯uctuations is driven by the electric ®eld. The orientation is not necessarily along the geomagnetic east-west direction, but deviations of several tens of degrees do occur.
In previous works somewhat contradictory results on the orientation of perpendicular anisotropy have been obtained. The most common observation has been more or less east-west orientation (e.g. Martin and Aarons, 1977; Rino and Livingston, 1982) but occasionally north-south orientations have also been found (e.g. Moorcroft and Arima, 1972) . The dierent types of irregularities like rods, sheets and wings are put in the common framework by Livingston et al. (1982) , who connect them to dierent parts of the ionospheric plasma convection pattern.
All the older results have been obtained by methods which only give rough estimates on the orientation (north-south or east-west) or, alternatively, ®nd the irregularities to be rod-like. The method presented originally by Tereshchenko et al. (1999) and used in a somewhat modi®ed form here is essentially dierent: a speci®c direction with error limits is actually obtained as a result of ®tting a model to observations. The other anisotropy parameters are simultaneously determined in the same ®tting process. For the ®rst time, these results allow the comparison of the directions of plasma¯ow and perpendicular anisotropy. One should also notice that this study deals with small-scale irregularities with sub-kilometre sizes, whereas irregularities with larger scale sizes are investigated in most of the previous papers.
The data set collected in the present campaign is too small to allow any statistical studies to be made and perhaps even too small to give a representative set of examples. Therefore more measurements should be made in the future. The number of examples for radar comparison was reduced by the quality of the radar data and occasional failures in the synchronization of the radar beams. These points can perhaps be improved in the future. Since the observation time of the EISCAT radars is necessarily limited, one should consider the use of coherent radars like STARE and CUTLASS, which are capable of mapping the ionospheric electric ®eld within wide regions and could thus give data for comparing the orientation of anisotropy and the direction of plasma convection. An interesting possibility would be to use the dynasonde at Tromsù, which is also capable of giving plasma drift estimates (Sedgemore et al., 1998) .
